Strain improvement strategies make use of a variety of methods for engineering and isolating microbial variants with desired traits. These techniques often fall under two general categories: "rational" approaches involve the targeted alteration of genetic information (42, 43) , while "random" methods are typically based on the creation of mutant libraries containing nondirected changes in genotype with subsequent screening for phenotypes of interest (11) . These strain improvement techniques have made possible the commercial-scale production of a variety of compounds, such as amino acids (18, 23) , antibiotics and other pharmaceuticals (44, 49) , and precursors for organic synthesis and commodity chemicals (8, 28) . Because naturally occurring strains rarely perform optimally under ideal process conditions (7, 33, 34) and because the number of compounds that are synthesized microbiologically is projected to increase substantially (29) , strain improvement programs are becoming a recurrent theme of industrial and academic research. Progress in this area is particularly important for the production of commodity chemicals and fuels, since profit margins are small and thus even minor gains in efficiency are economically significant (28) .
Random approaches for strain engineering have been extensively employed for the improvement of complex or poorly understood phenotypes, such as metabolite overproduction or tolerance to toxic compounds (33, 34, 39, 48) . Chemical or physical mutagenesis of the genome followed by screening has been a traditional means of improving several phenotypes, particularly for increasing antibiotic production in the pharmaceutical industry (10, 11) . More recently, another approach called transcriptional engineering has been successfully used to improve tolerance and production phenotypes by reprogramming the transcriptome (1, 22, 33a) . Because there are several ways in which cells regulate the process of transcription, we were interested in finding new targets for transcriptional engineering. A good target, when mutated, should generate richly diverse populations of strains from which new phenotypes can be selected (22) .
Previous transcriptional engineering studies with Escherichia coli have been based on mutagenesis of artificial transcription factors, such as zinc finger proteins, as well as sigma factors (mainly sigma factor D [ D ]) of the RNA polymerase (RNAP) (1, 3). The RNAP is a multisubunit complex that directs and regulates transcription in prokaryotes (the subunit composition of the core enzyme is ␣ 2 ␤␤Ј). The sigma-less RNAP is capable of all steps of transcription except initiation, which requires binding to one of the seven sigma factors (6) . Because of their direct role in promoter recognition and binding, sigma factors have generally been regarded as interesting targets for mutagenesis (1, 22) . However, although sigma factors are often recognized as the primary determinants of promoter specificity, the alpha subunit of RNAP has also been implicated in promoter recognition, interacting not only with DNA but also with many activator and repressor proteins mainly through its carboxy-terminal domain (C-terminal one-third of the alpha subunit, denoted ␣CTD) (6, 9, 13, 37). Because it is part of the core enzyme, it also has the potential to change the promoter affinity of the RNAP regardless of which of the seven sigma factors is bound to it (6, 19, 20) . Therefore, we hypothesized that the alpha subunit, encoded by the gene rpoA, could also be a good target for transcriptional engineering.
In this paper, we explore the use of rpoA mutant libraries generated by error-prone PCR for eliciting three industrially relevant phenotypes: improved butanol tolerance and increased production of the small molecule L-tyrosine and the biopolymer hyaluronic acid (HA). Butanol has recently emerged as an attractive biofuel alternative to ethanol (12, 46) , and as such, the problem of mitigating butanol toxicity has been an important concern for large-scale production (2) . The aromatic amino acid L-tyrosine serves as a precursor for several pharmaceutical and industrial compounds, from novel poly-mers and adhesives to biocosmetics, thus making it an interesting target for production in E. coli (27) . Finally, HA possesses several health and cosmetic applications (14) , and its synthesis in E. coli has recently been reported (47) . Each of these complex phenotypes is likely influenced by several genetic factors, thus making these systems particularly well suited for transcriptional engineering studies.
MATERIALS AND METHODS
Bacterial strains and cultivation conditions. L-Tyrosine production experiments used the parental strain E. coli K-12 ⌬pheA tyrR::P LTET-O1 tyrA fbr aroG fbr lacZ::P LTET-O1 tyrA fbr aroG fbr /pTrcmelA mut1 (where the superscript fbr indicates feedback resistance) (26, 27; C. N. S. Santos, unpublished data). These were performed at 37°C with 225-rpm orbital shaking in 50-ml MOPS (morpholinepropanesulfonic acid) minimal medium (Teknova) cultures supplemented with 5 g/liter glucose and an additional 4 g/liter NH 4 Cl. Butanol experiments were carried out with DH5␣ (Invitrogen, Carlsbad, CA), using LB medium (Difco BD, Franklin Lakes, USA), following previously established practices (1) . Chloramphenicol at 34 g/ml was used as needed. HA production experiments were completed with recombinant E. coli Top10/pMBAD-sseABC in LB liquid medium supplemented with Mg 2ϩ , using L-arabinose as an inducer as previously reported (47) .
Library construction. The native rpoA gene was amplified from genomic DNA using Phusion DNA polymerase (NEB) and cloned into the ApaLI and XmaI sites of the multicloning site of pHACm (1), using NEB restriction enzymes. The correct insert was verified by sequencing, and strains transformed with this plasmid are denoted "wild type" throughout the study. Error-prone PCR was carried out with the same primers using the GeneMorph II kit (Stratagene, La Jolla, CA), and the mutation frequency was varied by changing the initial amount of target DNA from 700 ng, 250 ng, and 25 ng for rpoA*L (low), rpoA*M (medium), and rpoA*H (high), respectively. After ligation with Fast-link ligase (Epicentre, Madison, WI), the libraries were transformed into DH10B cells (Invitrogen, Carlsbad, CA), plated in LB agar, and pooled together after overnight growth. The plasmids were recovered with a miniprep (Qiagen, Valencia, CA) and used to retransform the three host strains. The original size of the library was approximately 10 5 . The saturation mutagenesis library for rpoA14 was constructed with the QuikChange Multi site-directed mutagenesis kit (Stratagene, La Jolla, CA) by designing primers according to the manufacturer's instructions with degenerate bases to substitute for the codons corresponding to V257 and L281.
Library screening. (i) Butanol tolerance. DH5␣ cells transformed with the libraries (5 ϫ 10 6 colonies were obtained) were pooled together, and cultured on LB liquid medium at 37°C with shaking for 2 h before placing them under selection conditions. Selection for butanol tolerance was carried out in screw-cap shake flasks in 0.9% (vol/vol) butanol. The culture was grown overnight and used to reinoculate fresh selection medium. This process was repeated twice before plating cells to test individual colonies. For verification of the phenotype, plasmids were isolated, reintroduced into a clean background, grown overnight in LB, and inoculated to an optical density of 0.1 in 5 ml of medium in the presence of different concentrations of 1-butanol, 2-butanol, 3-pentanol, or 1-pentanol. Tubes were sealed with Parafilm to avoid evaporation of alcohols.
(ii) L-Tyrosine production. Libraries of L-tyrosine production mutants were constructed by transforming the parental strain E. coli K-12 ⌬pheA tyrR:: P LTET-O1 tyrA fbr aroG fbr lacZ::P LTET-O1 tyrA fbr aroG fbr /pTrcmelA mut1 (C. N. S. Santos, unpublished data) with the rpoA libraries. A total of 7.5 ϫ 10 5 viable colonies were obtained and subsequently screened for L-tyrosine production as described previously (40) .
Saturation mutagenesis libraries for rpoA14 were similarly transformed into an rpoA14 mutant lacking its rpoA plasmid. The plasmid was cured from the strain following four rounds of subculturing in LB medium.
(iii) HA production. Mutant libraries of HA-producing strain E. coli Top10/ (pMBAD-sseABC, pHACm-rpoA) transformed with the rpoA libraries were first screened by a translucent colony phenotype and then selected by alcian blue staining as described previously (48) . E. coli Top10/(pMBAD-sseABC) was used as a control and, in total, 76 translucent colonies in the library were stained by alcian blue.
Analytical methods. (i) Determination of pH i . The intracellular pH (pH i ) was monitored by expressing a pH-responsive green fluorescent protein (GFP) (a gift from G. Miesenbock and J. Rothman) (30) . The response of the GFP variant was monitored as the excitation ratio at 395 nm to 475 nm, and the emission was measured at 530 nm. A standard curve was constructed by resuspending DH5␣ cells in various buffers as described previously (21) without a carbon source for 45 min at 37°C. For pH i difference quantification, cells were grown in LB and resuspended in potassium phosphate buffer (50 mM, extracellular pH [pH e ] ϭ 4.7) with 0.5% glucose as an energy source in the presence and absence of butanol.
(ii) Quantification of L-tyrosine. Cell-free culture supernatants were filtered through 0.2-m PTFE membrane syringe filters (VWR International) and used for high-pressure liquid chromatography analysis with a Waters 2690 separations module connected with a Waters 996 photodiode array detector (Waters) set to a wavelength of 278 nm. Samples were separated on a Waters Resolve C 18 column with 0.1% (vol/vol) trifluoroacetic acid in water (solvent A) and 0.1% (vol/vol) trifluoroacetic acid in acetonitrile (solvent B) as the mobile phase. The following gradient was used at a flow rate of 1 ml/min: 0 min, 95% solvent A plus 5% solvent B; 8 min, 20% solvent A plus 80% solvent B; 10 min, 80% solvent A plus 20% solvent B; and 11 min, 95% solvent A plus 5% solvent B.
RESULTS

Butanol tolerance. (i) Isolation of a mutant with improved growth on butanol.
The rpoA libraries were first tested for their ability to improve tolerance to 0.9% butanol through repeated subculturing in LB medium. After several mutants were isolated and reintroduced into the parental strain, a single mutant (denoted L33) was selected for further characterization. This mutant grew faster (data not shown) and exhibited a higher accumulated cell mass ( Fig. 1 ) than the control in the presence of butanol.
(ii) Tolerance of the isolated mutant to other alcohols. It is generally believed that butanol toxicity results from fluidization and disordering of membrane lipids and the consequent leakage of ions through it (41) . In particular, dissipation of the transmembrane pH gradient has an energy-uncoupling effect (15) , similar to that caused by weak acids at low external pH (36, 45) . We therefore hypothesized that if the presence of a mutated rpoA gene negated the effects of butanol through a decrease in membrane fluidity or a related response, such a mutant would also exhibit resistance to other solvents known to act via similar mechanisms. We tested the tolerance of the mutant to other alcohols possessing desirable biofuel properties and found that the strain performed better than the control in all cases (Fig. 1) .
(iii) Response to ion leakage and energy uncoupling. In order to test the ability of the mutant to cope with ion leakage and energy uncoupling, we measured the pH i in the presence of a weak acid at low pH e with and without added butanol. Cells were acid shocked by resuspending them in potassium phosphate buffer at a pH e of 4.7. By comparing the pH i s of wild-type and mutant cells in the presence of butanol to that of the control with no added butanol, we were able to test the capacity of the strains to maintain the pH i when in contact with the alcohol. The results are displayed in Fig. 2 . A negative pH difference implies that the pH i of the strain in the presence of butanol is lower than that without butanol, which is the expected result for the wild type (as shown). In contrast, throughout the experiment L33 maintains a higher pH i than both the wild-type with the same amount of butanol and the control strain with no butanol (thus, the pH difference is positive). These observations suggest that the mutant L33 copes with the stress either by reducing the fluidity of the membrane, by increasing the rate at which protons are forced out of the cell, or by a combination of both actions. Because the mutant does not show improved growth compared to the wild type in the absence of butanol or other solvents, the phenotype does not seem to be merely a result of a general growth advantage.
(iv) Sequence analysis of mutant rpoA. Upon analyzing the rpoA plasmid isolated from mutant L33, we found a single nucleotide mutation which replaced amino acid E244 with a stop codon, thus resulting in a truncated protein that lacks the ␣CTD (Fig. 3) . Interestingly, similar rpoA mutants have been isolated in the past and have been widely studied. A protein lacking the ␣CTD is capable of being assembled into the RNAP and carrying out transcription; however, it does not respond to signals in the DNA or from protein effectors (16, 17, 25, 31, 37) . For example, alpha subunits lacking the ␣CTD do not react to the strong activating signals from the UP regions of rrnB promoters (35, 37) or the cyclic AMP (cAMP)-cAMP receptor protein complex (17) . The changes associated with these interactions would be significant even in the absence of other effects, considering that the products of rrnB promoters make up a major fraction of the total RNA in the cell (35) and that more than 100 loci are activated by cAMP receptor protein (5, 25) . It is important to note that because the chromosomal copy of rpoA remains intact, the observed phenotype likely arises from the combined action of the truncated and nontruncated forms of the protein.
L-Tyrosine production. (i) Isolation of a mutant with improved L-tyrosine production. We began by transforming the rpoA libraries into a preengineered L-tyrosine-producing strain and subjecting it to a high-throughput screen based on the synthesis of the black pigment melanin (40) . From an initial library size of 7.5 ϫ 10 5 mutants, 30 of the darkest strains were selected by visual inspection and tested for L-tyrosine production in MOPS minimal medium. We were able to isolate a strain (denoted the rpoA14 strain) exhibiting a 91% increase in titer above the parental strain with a final concentration of 798 mg/liter L-tyrosine (Fig. 4) .
(ii) Sequence analysis of mutant rpoA. Sequencing of the mutant rpoA gene revealed two amino acid changes, V257F and L281P (Fig. 3) , located in the ␣CTD near amino acids known to contact regulatory factors and the UP element (31) . The first change occurred in the so-called "nonstandard helix" (NSH) of the ␣CTD, while the other was located in one of the four ␣-helices of the ␣CTD (13). It is likely that both of these mutations alter the interaction of the ␣CTD with its target proteins or sequences through changes in the ␣CTD structure. In particular, the amino acid proline has been implicated in destabilizing ␣-helices under some conditions (24) . A change in helix conformation could indirectly affect the positions of the amino acids responsible for making contacts with the promoter, thus altering the affinity of the RNAP for some of its targets. Interestingly, the mutant rpoA gene was not successful in increasing L-tyrosine titers when reintroduced into a parental strain background (unpublished data), suggesting that the rpoA14 mutant had acquired an additional chromosomal mutation (or mutations) critical for L-tyrosine production. However, because the background strain by itself also did not exhibit high titers (unpublished data), the rpoA14 plasmid must act synergistically with the chromosomal mutation(s) in order for the phenotypic improvement to be observed. Although such an occurrence may ultimately limit transferability of the phenotype, we do believe that such a phenomenon is likely to be an exception rather than the rule. (iii) Saturation mutagenesis of the rpoA14 plasmid. In order to test whether other amino acid substitutions in V257 or L281 could further improve the production of L-tyrosine, we constructed a saturation mutagenesis library with mutations restricted to these two residues. The resulting library was transformed into the rpoA14 mutant devoid of its plasmid (generated by serial subculturing) and screened as before. After 39 of the darkest strains were selected and individually tested, one was chosen for further analysis. This mutant strain, denoted the rpoA22 strain, was found to have only a V257R change in protein sequence. As shown in Fig. 4 , along with a modest increase in L-tyrosine titer (15%) compared to the rpoA14 strain, the mutant also exhibited a substantial increase in the rate of production (productivity). At 24 h, when the rpoA14 mutant was still indistinguishable from the parental strain, the rpoA22 mutant had already reached nearly 90% of its final titer. Therefore, this mutant offers an interesting opportunity for developing an industrial platform for the continuous production of L-tyrosine.
Isolation of a mutant with improved HA production. As an additional phenotype to demonstrate the utility of our new approach, we chose to study HA production in E. coli. Using a previously reported high-throughput screening platform (48), we were able to screen an rpoA library and isolate several improved rpoA mutants. Figure 5 shows the HA concentrations relative to the control, quantified using the alcian blue method as described previously (48) . It is clear from these results that significant phenotypic diversity was generated through the introduction of the rpoA library. Because phenotypic diversity is often linked to a greater probability of finding a desirable strain within a library (22) , this observation serves as a qualitative indication that rpoA is a good target for transcriptional engineering. The rpoA-HA mutant (Fig. 5) was chosen for further study. A single mutation (L254Q) located in the NSH of the ␣CTD (13) was revealed after sequencing the mutant rpoA gene on the plasmid (Fig. 3) .
Testing rpoA plasmid specificity for different phenotypes. Interestingly, although all of the amino acid substitutions isolated in this study were found in the CTD of the protein, none were located in residues that are known to contact DNA or protein regulators. This observation opens up the possibility that the isolated plasmids may act in a nonspecific fashion and may in fact lead to improvements in phenotypes for which they were not originally selected. For example, it is plausible to hypothesize that the rpoA14 allele may be a CTD loss-offunction variant and therefore may confer better growth in butanol (recall that the L33 allele contained a complete truncation of the ␣CTD, as shown in Fig. 3 ). The single amino acid substitution in the rpoA-HA ␣CTD may result in a similar loss-of-function mutation. To test the phenotypic specificity of the mutant plasmids, we transformed the rpoA14 and rpoA-HA plasmids into DH5␣ and measured growth in 0.9% n-butanol as before. Interestingly, neither showed an improvement comparable to that of the L33 mutant (Table 1) , which implies that these mutant alleles have retained at least some CTD functionality.
A similar experiment for L-tyrosine production was conducted by transforming the L33 and rpoA-HA plasmids into the background of the rpoA14 mutant strain. As shown in Table 1 , all three plasmids conferred similar increases in Ltyrosine production, suggesting that small alterations in CTD function, perhaps through partial misfolding, can increase production in this background. Thus, it appears that an L-tyrosine production phenotype is not as discriminatory as a butanol tolerance phenotype and is able to accept several different rpoA alleles to yield the same gains in titer. This idea is further supported by the isolation of other plasmids from the saturation mutagenesis library (e.g., rpoA22) that also exhibited increases in L-tyrosine production. However, the fact that rpoA22 confers a significant improvement in productivity with respect to rpoA14 shows that specificity is observed in the phenotype of interest.
DISCUSSION
Earlier reports have suggested that multilocus traits can be manipulated by introducing altered transcription factors (1, 22, 33a) . In this study, we demonstrate that mutant versions of rpoA which encode a subunit of the polymerase itself are capable of substantially altering the cellular phenotype, thus making it an attractive target for transcriptional engineering. Libraries of rpoA delivered improvements in three distinct phenotypes, i.e., butanol tolerance, L-tyrosine production, and HA accumulation, and we expect that this technique can be used for improving a broad spectrum of other interesting traits. This capacity is related to the function of the ␣CTD, because all the mutations found in this study were mapped to this region. This domain of the protein has been implicated in contacting promoter DNA and protein activators and repressors (6, 9) , suggesting that it is the regulatory function of the alpha subunit which gives rise to the pleiotropic alteration of the transcriptome that results in novel phenotypes. The ␣NTD has also been shown to be a target for transcription regulation (32) , but no mutations were found there in the present study.
Although the underlying mechanisms for the improvements were not fully explored, the specificity of the mutant plasmids for each phenotype was studied. We observed that although the improvement in butanol growth was specific for the mutant L33 plasmid, all three mutant plasmids (L33, rpoA14, and rpoA-HA) were able to confer higher L-tyrosine titers in the rpoA14 mutant background (but improved productivity was limited to rpoA22). This suggests that the specificity of the different rpoA variants for a particular phenotype is a complex phenomenon, and general conclusions cannot be offered.
In principle, all global regulators of transcription could be targets for reprogramming metabolism, but not all would be equally effective. In fact, our own (unpublished) work with other sigma factors (e.g., H and E ) has produced less impressive results, despite supporting evidence that these factors could yield improved strains under the conditions tested. In some cases, even established mutagenesis targets, such as D , failed to deliver results for certain phenotypes of interest. For example, for the case of butanol tolerance, rpoD libraries were tried in parallel with those of rpoA, but no rpoD variants capable of conferring a growth advantage were isolated. In other cases, rpoA libraries led to comparable or better results than those found through rpoD mutagenesis. During our studies of HA production, rpoA mutants showed up to ϳ60% improvement in titer (Fig. 4) compared to ϳ40% in the case of rpoD as measured by the same method (48) . Despite these results, we do not believe that this constitutes sufficient evidence for favoring one target or the other; instead, we have argued that a better measure of the usefulness of a library is related to the a priori probability of finding improved mutants (22) , not to whether a particular target delivers a phenotype of interest or not. However, we do believe that mutagenesis of the alpha subunit may complement the use of sigma factors because it is permanently bound to the RNAP holoenzyme and has been shown to interact with most, if not all promoters (38) , circumventing the fact that some transcriptional states may be hard to access by D in certain conditions (19, 20) . Although we were able to isolate improved mutants through rpoA mutagenesis alone, this technique can also be combined with more traditional strain improvement approaches. For example, the plasmid derived from L33, or similarly isolated mutants, could be expressed in an alcohol-synthesizing strain (2) to obtain a more robust platform for biofuel production. In the case of both HA and L-tyrosine, rational metabolic engineering strategies had been previously used for establishing and increasing titers (27, 47) . Therefore, employing transcriptional engineering in the background of these preengineered strains can lead to more substantial increases in metabolite overproduction. It is interesting to note that the observed Ltyrosine-producing phenotype required both the background of the isolated strain and the presence of a mutant rpoA plasmid. Therefore, it is likely that this particular strain incurred additional mutations within the chromosome that act in concert with the mutant rpoA to enhance L-tyrosine production. Thus, rpoA mutagenesis can also act synergistically with natural variations introduced during normal replication processes.
The results presented here also open several possibilities for future strain improvement approaches through the use of transcriptional engineering. First, because each RNAP complex contains two alpha subunits, cooperation between two mutant alpha subunits could take place within the same RNAP or, alternatively, could result in several versions of RNAP within the same cell. Thus, the introduction of two (or more) mutant alpha subunits could potentially allow exploration of a larger phenotypic space. Second, since the alpha and sigma units regulate promoter preferences by different mechanisms, combining these mutants within the same strain could result in synergistic transcriptional responses unachievable by either subunit tested separately. Although such combinations significantly increase the number of possible libraries, the use of a previously developed phenotypic diversity metric (22) could aid in designing better ones, e.g., by increasing or decreasing the mutagenesis rate in these expanded libraries.
Put in context, the fact that complex responses were elicited by mutant alpha subunits reinforces the hypothesis that rapid phenotypic specialization can arise from global transcriptional changes (4, 22) . Because these changes are introduced by mutations in single proteins, a main challenge becomes that of any a Percent growth advantage (measured as the final optical density at 600 nm) of DH5␣ containing mutant rpoA plasmids versus the wild-type rpoA plasmid. Experiments were conducted in 0.9% n-butanol.
b Percent increase in L-tyrosine titer (48 h) compared to that of the parental strain. Mutant plasmids were introduced into an rpoA14 mutant background (generated by curing the original plasmid through serial subculturing).
other protein engineering project: the efficient exploration of the sequence space.
